Relationships between aging, disease risks, and longevity are not yet well understood. For example, joint increases in cancer risk and total survival observed in many human populations and some experimental aging studies may be linked to a trade-off between cancer and aging as well as to the trade-off(s) between cancer and other diseases, and their relative impact is not clear. While the former trade-off (between cancer and aging) received broad attention in aging research, the latter one lacks respective studies, although its understanding is important for developing optimal strategies of increasing both longevity and healthy life span. In this paper, we explore the possibility of trade-offs between risks of cancer and selected major disorders. First, we review current literature suggesting that the trade-offs between cancer and other diseases may exist and be linked to the differential intensity of apoptosis. Then we select relevant disorders for the analysis (acute coronary heart disease [ACHD], stroke, asthma, and Alzheimer disease [AD]) and calculate the risk of cancer among individuals with each of these disorders, and vice versa, using the Framingham Study (5209 individuals) and the National Long Term Care Survey (NLTCS) (38,214 individuals) data. We found a reduction in cancer risk among old (80þ) men with stroke and in risk of ACHD among men (50þ) with cancer in the Framingham Study. We also found an increase in ACHD and stroke among individuals with cancer, and a reduction in cancer risk among women with AD in the NLTCS. The manifestation of trade-offs between risks of cancer and other diseases thus depended on sex, age, and study population. We discuss factors modulating the potential tradeoffs between major disorders in populations, e.g., disease treatments. Further study is needed to clarify possible impact of such trade-offs on longevity.
Introduction
T he relationships between aging, disease, and longevity are not yet well understood. For instance, joint increases in cancer risk and total survival observed in many human populations and some experimental aging studies could happen due to reasons related as well as not related to individual aging. They might result from a trade-off between cancer and aging, as well as from the trade-off between cancer and other diseases. The former trade-off (between cancer and aging) received significant attention in aging research and literature. It was hypothesized that cellular mechanisms of tumor suppression, such as senescence and apoptosis, may have a downside manifested in somatic aging. There is experimental evidence in support of this hypothesis [1] [2] [3] (see also ''Overview of Literature,'' below). At the same time, the potential trade-off between cancer and other diseases lacks intensive research. This trade-off means that certain factors favoring cancer can be protective against other pathology and even improve overall survival, if the protective effect overweighs the detrimental one. In this case, the observed joint increases in cancer risk and longevity may not necessary be due to ''a postponed aging at cost of an increased cancer risk'' because they can also be due to ''a lower risk or better survival from diseases other than cancer.'' The relative contribution of these trade-offs to human longevity is not clear, while its understanding is important for developing optimal ways of increasing both maximal and healthy life span.
In this paper we explore the relationships between risks of cancer and selected major disorders, using the Framingham Heart Study (FHS) and the National Long Term Care Survey (NLTCS) data. First we review current literature allowing us to: (1) Support the outlined problem with evidence; (2) hypothesize a possibility of trade-offs between cancer and other disorders, in which the differential intensity of apoptosis plays significant role; and (3) select the appropriate diseases for the analysis.
Then we present own results of analyses of the relationships between risks of cancer and selected disorders (acute coronary heart disease [ACHD], stroke, asthma, and Alzheimer disease [AD] ) and show that manifestation of trade-offs between the disease risks depends on age, sex and study population. Finally, we discuss the results in context of relevant literature, considering the role of factors modulating the potential trade-offs, such as disease treatments, among others.
Overview of Literature
Connection between cancer and aging: Is there a trade-off?
The hypothesis about a trade-off between cancer and aging implies that cellular mechanisms of tumor suppression, such as p53-dependent senescence and apoptosis, may not only reduce cancer risk but also cause or accelerate aging. [1] [2] [3] For example, continually upregulated apoptosis, being cancer protective, may in the long term lead to a decline in tissue renewal capacity and its depletion, thus contributing to aging.
There is evidence in support of this hypothesis. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Tyner et al. 3 and Donehower 4 showed that mice carrying the p53 mutation with a phenotypic effect analogous to the upregulation of this gene have a lower risk of cancer development, but their life span is reduced and accompanied by early tissue atrophy. Long-living mutant mice, p66Shc
À=À , have shown an impaired p53 apoptotic response. 5 Introducing the null p53 allele has protected Ku80 À=À and mTR À=À mice from premature aging, 6, 7 indicating that the senescence phenotypes were p53 dependent. 8 Bauer et al. 9, 10 found that reduction of p53 activity in flies leads to life span extension. It was suggested that mechanism by which p53 and possibly other tumor suppressors regulate life span depends on a balance between tumor suppression and tissue renewal, and that the trade-off between cancer and aging may reflect the opposite manifestation of apoptotic and growth signaling pathways in cancer and aging cells. 1, 2, [11] [12] [13] [14] There is also evidence of a positive correlation between cancer and survival in humans. Ørsted et al. 15 found that the overall 12-year survival was increased in p53 Pro=Pro versus Arg=Arg homozygotes despite potential cancer-favoring properties of the former genotype. In humans, the replacement of arginine (Arg) by proline (Pro) decreases the p53 ability to initiate apoptosis. 16 Despite this supporting evidence, there are many experimental studies in which an increase in survival is accompanied by a reduction in cancer risk, often together with signs of phenotypically postponed aging and normal or enhanced apoptosis [17] [18] [19] [20] [21] [22] [23] [24] [25] (also reviewed in refs. 26 and 27) , so that the traditional trade-off (when cancer suppression would result in acceleration of aging and=or reduced longevity) does not take place. [21] [22] [23] [24] 25 Probably the most prominent example is the proven ''antiaging'' treatment, caloric restriction. [21] [22] [23] 25 This and other evidence suggests a possibility that apoptosis may have pro-or antiaging effects on body, depending on other factors, such as other aging-related pathways. [28] [29] [30] It seems logical that interaction among the aging-related pathways, particularly among those that control the balance of cellular input-output in tissues (i.e., the balance of cell proliferation, damage, repair and apoptosis rates), would determine the final pro-or antiaging phenotype resulting from, e.g., chronically upregulated apoptosis.
Trade-offs between major disorders: Do they exist and impact longevity?
There is also a possibility that the relationships between apoptosis, cancer risk, and longevity, at least in some cases, do not involve an aging process at all. Indeed, even when reduced apoptosis is truly accompanied with increases in both cancer risk and longevity in a study, this situation does not necessary reflect a trade-off between cancer and aging per se, because it may also reflect another kind of trade-offbetween vulnerabilities to cancer and other disease. For example, the high apoptotic activity that opposes tumor development may at the same time increase the risk of stroke or increase chances to die from it, because brain cells in ischemic state are more susceptible to apoptosis. 31 If this is the case, then the reduced apoptosis could be associated with increased longevity because it lowers risk of=mortality from stroke rather than because it slows down the aging. Van Heemst et al. 32 demonstrated that individuals with Pro=Pro genotype of p53 corresponding to reduced apoptosis in cells have a significantly increased both overall survival (by 41%) and mortality from cancer (2.54-fold) along with a decreased risk of death from cardiovascular disease (CVD) at the ages 85þ. One may suppose that a trade-off between cancer and CVD contributed to the increase in overall survival in this case, not necessarily the trade-off between cancer and aging. Earlier we speculated that individuals with inherently reduced apoptosis could be more vulnerable to cancer but less vulnerable to stroke or myocardial infarction. 33 Overall, available evidence suggests that: (1) The relationships between tumor suppression mechanisms and aging, and specifically between apoptosis and aging, appear complex and probably cannot be described in terms of simple trade-offs such as ''better cancer protection-accelerated aging.'' The pro-or antiaging effects of the upregulated apoptosis are likely conditional on other aging-related pathways. ( 2) The differential activity of apoptosis could be a factor that may contribute not only to the connection between cancer and aging but also to the connections (including trade-offs) between cancer and other disorders. (3) It is not clear yet which kind of the connections contribute more significantly to joint increases in longevity and cancer risk observed in experimental and human aging studies-the one between cancer and aging or the one between cancer and other diseases.
Thus, we hypothesize that there may exist trade-offs between cancer and other disorders, in which differential activity of apoptosis plays a role. To test this possibility, we next examine the relationships between risks of cancer and respective disorders in the FHS and the NLTCS data.
Data and Methods
Rationale for selecting particular diseases for the study After reviewing relevant literature, we selected four major disorders (ACHD, stroke, asthma, and AD) in which the 388 UKRAINTSEVA ET AL.
differential intensity of apoptosis plays a role and their risks=mortalities could be affected by it. Here we provide brief rationale for the choice of the particular diseases and suggest their prospective relationships with cancer.
Cancer is a group of diseases in which potentially immortal cells display uncontrolled growth and propensity to invasion and metastasis. The potential immortality of cancer cells results from their ability to avoid apoptosis. 34 It is recognized that cancer is generally associated with downregulated apoptosis, and the lower susceptibility of cells to apoptosis may contribute to both increased cancer risk and tumor resistance to anticancer therapy, that is, to survival from cancer. 34, 35 Stroke is a rapidly developing loss of brain function due to ischemia (lack of blood supply) or due to a hemorrhage in brain. Cell death, via both necrosis and apoptosis, plays major role in developing this condition. Apoptosis has a dramatic impact on the loss of neurons in the region outside the stroke's core, where the oxygen supply is reduced but not eliminated. 36 It was suggested that the suppressed apoptosis in brain may result in a lower incidence and=or better outcome for stroke because more neurons would survive damage following the brain ischemia. 31 It becomes evident that inhibition of apoptosis in ischemic brain provides an important preventive and treatment strategy. 36 Recent experimental studies of various compounds for treatment of acute stroke suggest that the medicated suppression of apoptosis may significantly improve survival and recovery after stroke. [37] [38] [39] Preliminary results of a trial of the acute stroke treatment with DP-b99, a D-Pharm company compound (which protects primary cortical neurons from cell death induced by ischemia), demonstrated that such treatment may double the chances of the patients to recover from ischemic stroke. 40, 41 Overall, the available data imply that individuals with inherently reduced apoptotic activity might be less vulnerable to stroke and disability=death following it. These same individuals might be more susceptible to cancer or death from it. Thus, we hypothesize that the differential activity of apoptosis may be a ground for a trade-off between cancer and stroke and we are going to test the relationships between risks of these disorders in this study.
The above consideration about stroke can also be applied to ACHD, which includes myocardial infarction and angina pectoris, both associated with damage following the heart ischemia. Recent studies indicate that, in addition to necrosis, apoptosis plays a major role in the process of tissue damage after myocardial infarction, especially in the periinfarct viable myocardium. [42] [43] [44] Van Heemst et al. 32 found that individuals who have a genetically reduced apoptotic response have a higher mortality from cancer but lower from CVD. As in the case of cancer and stroke, these data suggest a possibility of trade-off between risks of cancer and ACHD that will be tested in this study.
AD is a complex neurodegenerative disorder linked to the accumulation of extracellular senile plaques and intracellular neurofibrillary tangles (NFT). Excessive apoptosis has shown association with AD in a number of studies. Kobayashi et al. 45 found that senile plaques may be a cause of astrocytic apoptosis in the gray matter, and that the Bcl-2 pro-apoptotic protein is associated with NFT formation. Increasing evidence suggests that selective neuronal loss in AD involves activation of caspases, which initiate and execute apoptosis correlating with the disease. 46 It was hypothesized that the excessive apoptosis in AD and the reduced apoptosis in cancer may reflect the opposite disturbances of the epigenetic homeostasis in these disorders, 47, 48 which could result in a trade-off between risks of cancer and AD.
Asthma is a chronic inflammatory disorder of the airways. It is now accepted that increased survival and decreased apoptosis of inflammatory cells, particularly T lymphocytes and eosinophils, may play a central role in the persistent inflammatory process characterizing this disease. [49] [50] [51] The decreased apoptotic death favors the accumulation and the persistence of eosinophils in the asthmatic airways [52] [53] [54] and prolongs the active life of T cells and their proinflammatory effects. 55 The data suggest that cancer and asthma may share the proinflammatory background, 51, 56 in which the reduced apoptotic activity may promote both conditions. Thus, one might expect the increasing risk of asthma in the presence of cancer or vice versa rather than a trade-off between these two diseases in our study.
Thus, the current evidence suggests that the reduced apoptosis can be associated with increased risks of=death from cancer or asthma and with decreased risks of death from ACHD, stroke, or AD. This provides a ground for possibility of trade-offs between cancer and ACHD, stroke, or AD, as well as for cancer-asthma co-morbidity, manifested in reduced or increased risks of cancer appearance among people with other disease, and vice versa. To test the relationships between risks of cancer and the above disorders in population, we will calculate the risks of cancer in presence of each of the selected disorders, and vice versa, using the FHS and the NLTCS data.
Framingham Heart Study
To evaluate the risk of cancer in the presence of ACHD or stroke and vice versa, we used a sample of the FHS Original cohort data including 5209 individuals (55% females) aged 28-62 at the baseline and residing in Framingham, Massachusetts, between 1948 and 1951. 57 Nearly all subjects were Caucasians. The FHS has continued with biennial examinations to the present, i.e., for more than 50 years. Examination included an interview, physical exam, and laboratory tests accessing numerous physiological indices and disease risk factors, with special emphasis on CVDs. 58 The FHS cohort has been consistently followed for all incident cases of ACHD (including myocardial infarction and angina pectoris), stroke (acute cerebrovascular accident, CVA), and cancer, through surveillance of hospital admissions and other available sources. Table 1 shows numbers of people diagnosed with the diseases of interest in the FHS.
We used the information on incident cases to evaluate the probability of staying cancer free in presence or absence of ACHD or stroke as background conditions and vice versa, among 5209 FHS participants, and drew respective ''survival curves.'' Note that we calculated incidence rates (and probabilities) for one condition for individuals with and without the second condition, taking into account whether the second condition occurred before or after the first one. That is, if the second condition occurred before the first one, then the individual contributes to the incidence rate of condition 1 for individuals with condition 2. Conversely, if an individual is free of condition 2 at the age of onset of condition 1 (i.e., condition 2 occurred after the onset of condition 1 or did not occur at all during the observation period), then the individual contributes to the incidence rate of condition 1 for individuals without condition 2.
Because there were no solid diagnoses of asthma or AD in the FHS available for the research use, we used a sample of the NLTCS data linked to Medicare records to assess the risk of cancer in presence of asthma or AD, and vice versa.
National Long Term Care Survey
The NLTCS contains longitudinal and cross-sectional data on a nationally representative sample of 49,240 U.S. elderly persons aged 65þ (from Medicare enrollees). Six surveys were conducted between 1982 and 2004=2005. Each NLTCS participant was linked to Medicare records containing information on the insurance claims, including respective International Classification of Diseases Coordination and Maintenance Committee (ICD-9-CM) diagnoses, from the beginning of the survey until 12=31=2005. Part A refers to the Medicare insurance program that covers inpatient hospital care, posthospital nursing health services, and hospice care. Part B pays for physicians' services, outpatient hospital care, durable medical equipment, and other medical services that are not covered by Part A (for more information see www.medicare.gov). Diagnostic information was not available on Part B until 1991, therefore we used Medicare data for the years 1991-2005, for which both Medicare Part A and Part B data were present. Therefore, we evaluated age-specific incidence rates of cancer in the presence or absence of ACHD, stroke, AD, or asthma, as background conditions, and vice versa, in the sample of the NLTCS participants linked to Medicare records, using pooled data for the years 1991-2005. The number of individuals included in calculations of the incidence rates for this period was 38,214 (22,756 females and 15,458 males). The date of disease onset was defined as the first date of a Medicare claim that contained respective International Classification of Diseases, 9 th edition, Clinical Modification (ICD-9-CM) codes: for cancer (malignant neoplasm, all sites), 140-208; for ACHD, 410 (MI), 411 (other acute CHD), and 413 (angina pectoris); for stroke (both ischemic and hemorrhagic), 436, 431, 432.9, 433 (when the fifth digit is 1) and 434 (when the fifth digit is 1); for AD, 331.0, 290.1; for asthma, 493. One should note that some procedures aimed at distinguishing between incident and prevalent cases are important, especially for chronic diseases. In the analyses of NLTCS-Medicare data, we used a 6-month period after an individual entered the study (i.e., appeared in the Medicare files available for the study) to separate presumably prevalent cases from the incident ones. That is, if any Medicare claims with respective ICD-9-CM codes (either Part A or Part B) appeared within the 6-month period after the first date for which information on an individual is available in the NLTCS-Medicare files, then we assume that it is likely that the condition could have existed before that date. Such a case is considered prevalent and such an individual is not included in calculations of respective incidence rates. If no such claims appeared within that 6-month period, then we assume that the date of the first Medicare claim is the date of onset of that condition. Note also that we calculated incidence rates for one condition for individuals with and without the second condition, taking into account whether the second condition occurred before or after the first one, as described in the previous section. Table 1 shows numbers of people diagnosed with a particular disease in the NLTCS. 6 show the results of our calculations. We found the higher probability of staying cancer free among old (80þ) men with stroke diagnosis and the higher probability of staying free of ACHD among men aged 50þ with cancer diagnosis, but not otherwise, in the FHS data ( Figs. 1 and 2 ). That is, one disease appeared among individuals with other diseases less frequently than expected in these groups. The risk of stroke among individuals with cancer was not significantly different from that risk in individuals without cancer. The same was true for the risk of cancer among people with ACHD.
Results

Figures 1-
Cancer and asthma were positively correlated in the NLTCS data (Fig. 3) for both sexes. The effect was especially pronounced for the risk of asthma among individuals with cancer.
We found a significantly lower risk of cancer among elderly females with AD in the NLTCS (Fig. 4) . The risk of AD was, however, higher among oldest old (85þ) males and females with cancer, and patterns of the increase in the risk were similar in both sexes. We suggest an explanation for such behavior of the incidence rates in the Discussion section.
We also found an increase in risk of ACHD and stroke among individuals with cancer in the NLTCS (Figs. 5 and 6 ). For ACHD, the effect is more pronounced and is the opposite to what we observed for the risk of ACHD among cancer in the FHS data (see Fig. 1 ). 
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Discussion
As our results show, the trade-offs between risks of cancer and other diseases have been observed in our study only for some disease combinations and depended on age, sex, and study population. Although a positive correlation between cancer and asthma was expected on the ground of common risk factors for both pathologies (chronic inflammation and reduced apoptosis), the fact that we did not observe the trade-offs between disease risks for all combinations of cancer and ACHD, stroke, or AD, and, in a similar way, in both study populations, requires explanation. Two findings appear especially interesting and call for a deeper discussion: (1) While cancer risk was lower among individuals with AD, the risk of AD was higher among the oldest old with cancer (Fig. 4) ; and (2) while the risk of ACHD was lower among men with cancer in the FHS, the risk of ACHD was higher among individuals with cancer in the NLTCS (see Figs. 1 and 5) .
To understand this, one should remember that the analyzed relationships are between disease incidence rates, not between the underlying risk factors. That is, the varying behavior of the incidence rates does not reject the fact that apoptosis intensity may oppositely influence chances of developing cancer and ACHD, stroke, or AD in body. The incidence rates reflect resulting impact of many risk factors, some of which can be opposite for the selected diseases and others can be common. Examples of the factors that can potentially interfere with the trade-offs between vulnerabilities to diseases include (but not limited to) the following. For cancer-AD: (1) Cancer treatment may increase the risk of consequent AD and other dementia. 59, 60 The effect can be related to a proapoptotic action of such treatment (chemotherapy or radiotherapy), as well as to other factors, such as surgery or anesthesia, that have been discussed as possible reasons for increased dementia risks, particularly among the elderly. 61 (2) Common factors (e.g., chronic inflammation) in developing cancer and AD 62, 63 may favor both conditions. For cancer-coronary heart disease (CHD) or stroke: (1) CHD treatment may potentially increase cancer risk. For example, low cholesterol levels achieved with some statin therapy in CVD patients are shown to be associated with increased risk of=mortality from cancer 64, 65 (meta-analysis of 23 statins studies). A pro-apoptotic cancer treatment (e.g., chemotherapy or radiation 35 ) might favor the risk of=deaths from CHD or stroke. Although a reduced apoptosis is thought to favor cancer and protect against ACHD or stroke in the same individuals, the effect of proapoptotic cancer treatment may overcome this underlying trade-off and increase the risk of ACHD=stroke in cancer survivors, who have been exposed to such treatment. (2) Potential selection bias: Survivors of myocardial infarction may have lower apoptotic responses and so be more vulnerable to cancer compared to their peers who died from myocardial infarction and were eliminated from population. 33 Similarly, cancer survivors may have more intense apoptosis compared with those who died from the disease and thus they may be more prone to CHD=stroke than the original group of individuals with cancer. 66 (3) Impact of common risk factors for cancer and CHD=stroke (e.g., inflammation 56, 67 ) may overcome the impact of antagonistic factors.
Existence of these and other interfering factors may help to explain why we, for instance, observed a lower risk of cancer among individuals with AD, but the higher risk of AD among old cancer survivors. The latter could be because cancer therapy and surgery (with anesthesia) themselves may provoke dementia, especially among the oldest old. [59] [60] [61] Importantly, similar to our study, several other researches reported inverse relationships between cancer and AD, such as the lower prevalence or history of cancer among individuals with AD, 68, 69 or the AD accompanying cancer deaths significantly less frequently than expected in case of independent diseases. 70 The latter finding has been confirmed in our recent paper, where we also showed similar relationships for cancer and CHD=stroke as causes of death. 27 Roe and colleagues 47 reported significantly ( p < 0.001) lower risk of developing cancer (all sites) among AD patients compared to nondemented participants in a prospective study, whereas the opposite association was nonsignificant. This is similar to what we observed in our study and could refer to the same explanation (cancer treatment provoking dementia).
Our results also show significant co-appearance of cancer and ACHD in the NLTCS, whereas a trade-off between these same diseases in the FHS. That is, the relationships between risks of cancer and ACHD were different in two data sets. To understand this, one should note that in the NLTCS, people aged 65þ belong to the period 1991-2005, whereas in the FHS the elderly started to accumulate in the data since early 1950s and became the majority of surviving participants by the end of 1970s. This means that the increased risk of ACHD among cancer in the NLTCS relates to more recent time period than the decreased risk of ACHD among cancer in the FHS. The manifestation of trade-off between cancer and ACHD may depend on factors specific for a time period, such as changes in cancer treatment. Treatment strategies substantially evolved over time so that the effect of cancer treatment on the potential tradeoffs may substantially differ in recent years from that in the past, 33 e.g., today it may affect risks of CHD or stroke more significantly than in 1950s. Considering this possibility, we plan to test the period effects on the relationships between disease risks in next larger study.
We are also going to study dependencies among a broader spectrum of elderly disorders, not only in the pairs ''cancerother disease.'' It may be reasonable to focus on groups of diseases with similar types of interacting with aging-related metabolic=genetic pathway(s) instead of focusing on separate disorders. For instance, cancer, type 2 diabetes, and asthma are all disorders in which apoptosis is typically downregulated, whereas ACHD, stroke, and AD are all associated with enhanced apoptosis, and so they could be analyzed in groups.
In conclusion, we would like to emphasize the importance of continuing studying the trade-offs among disorders that are also major causes of death. Existence of such trade-offs (even limited) would mean that modern increases in human longevity may at least in part be causally related to the increased risks of=mortalities from some diseases that are overweighed by the reduced risks of=mortalities from some other disorders. This knowledge would not only help better understanding the relationships among aging, health, and longevity, but is also essential for practical development of optimal ways of increasing healthy longevity. Considering the trade-offs, such ways may involve not just increasing ''free-of-all-diseases" life span but probably more delicate approaches targeting a balance between more and less fatal disorders, with a possibility of increasing the risks of some of them in favor of decreasing the risks of others, which have a higher impact to total mortality and=or disability.
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